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1

CHANNEL REGION DOPANT CONTROL IN
FIN FIELD EFFECT TRANSISTOR

BACKGROUND

The present disclosure relates to a semiconductor struc-
ture, and particularly to a semiconductor structure including,
a channel region of a field eflect transistor having a con-
trolled dopant profile and a method for manufacturing the
same.

The threshold voltage and the short channel effect 1n field
cllect transistors having a nanoscale channel 1s, 1n part,
determined by the dopant profile 1n the channel region.
Precise alignment of the dopant profile with a gate electrode
1s essential 1n the manufacture of field eflect transistors with
well-defined device characteristics such as the threshold
voltage and the short channel effects of the field effect
transistors. A method 1s thus desired for controlling the
dopant profile in the channel region of a field eflect transistor
with self-alignment to a source region, a drain region, and an
overlying gate electrode.

SUMMARY

A dummy gate structure straddling at least one semicon-
ductor fin 1s formed on a substrate. Active semiconductor
regions and raised active semiconductor regions may be
tormed. A planarization dielectric layer 1s formed over the at
least one semiconductor fin, and the dummy gate structure
1s removed to provide a gate cavity. Electrical dopants 1n the
channel region can be removed by outgas sing during an
anneal, thereby lowering the concentration of the electrical
dopants 1n the channel region. Alternately or additionally,
carbon can be implanted into the channel region to deacti-
vate remaining electrical dopants in the channel region. The
threshold voltage of the field eflect transistor can be eflec-
tively controlled by the reduction of active electrical dopants
in the channel region. A replacement gate electrode can be
subsequently formed in the gate cavity.

According to an aspect of the present disclosure, a method
of forming a semiconductor structure 1s provided. A semi-
conductor fin 1s formed on a substrate. The semiconductor
fin includes atoms of an electrical dopant of a conductivity
type throughout an entirety thereof. The conductivity type 1s
selected from p-type and n-type. A plananzation dielectric
layer 1s formed over the at least one semiconductor fin. A
cavity straddling the semiconductor fin 1s formed 1n the
planarization dielectric layer. A subset of the atoms of the
clectrical dopant 1s formed from a portion of the semicon-
ductor fin underlying the cavity and physically exposed to an
ambient 1n an anneal process.

According to another aspect of the present disclosure, a
semiconductor structure 1s provided, which contains a semi-
conductor fin located on a substrate and including a source
region, a drain region, and a body region. Each of the source
region and the drain region includes a uniformly doped
portion including atoms of a first electrical dopant of a first
conductivity type at a first concentration and a second
clectrical dopant of a second conductivity type at a second
concentration that 1s greater than the first concentration. The
second conductivity type 1s the opposite of the first conduc-
tivity type. The body region includes another uniformly
doped portion including atoms of the first electrical dopant
at a third concentration that 1s less than the first concentra-
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tion. The semiconductor structure further contains a gate
stack including a gate dielectric and a gate electrode and
straddling the body region.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1A 1s a top-down view of an exemplary semicon-
ductor structure after formation of semiconductor fins
according to an embodiment of the present disclosure.

FIG. 1B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 1A.

FIG. 1C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' 1n FIG. 1A.

FIG. 2A 1s a top-down view of the exemplary semicon-
ductor structure after formation of a shallow trench 1solation
layer according to an embodiment of the present disclosure.

FIG. 2B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 2A.

FIG. 2C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. 2A.

FIG. 3A 1s a top-down view of the exemplary semicon-
ductor structure after formation of a disposable gate struc-
ture and a gate spacer according to an embodiment of the
present disclosure.

FIG. 3B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 3A.

FIG. 3C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' 1n FIG. 3A.

FIG. 4A 1s a top-down view of the exemplary semicon-
ductor structure after formation of raised active regions and
fin active regions according to an embodiment of the present
disclosure.

FIG. 4B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 4A.

FIG. 4C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. 4A.

FIG. 5A 1s a top-down view of the exemplary semicon-
ductor structure after deposition and planarization of a
planarization dielectric layer according to an embodiment of
the present disclosure.

FIG. 5B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 5A.

FIG. 5C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. SA.

FIG. 6A 1s a top-down view of the exemplary semicon-
ductor structure after formation of a gate cavity by removal
of the disposable gate structure according to an embodiment
of the present disclosure.

FIG. 6B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 6A.

FIG. 6C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. 6A.

FIG. 7A 1s a top-down view of the exemplary semicon-
ductor structure after evaporation of dopants from physically
exposed portions of the semiconductor fins according to an
embodiment of the present disclosure.

FIG. 7B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 7A.

FIG. 7C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. 7A.

FIG. 8 1s a diagram 1illustrating the dopant concentration
of various dopants along the horizontal plane D-D' in FIG.
8C according to an embodiment of the present disclosure.

FIG. 9A 15 a top-down view of the exemplary semicon-
ductor structure after formation of a replacement gate struc-
ture according to an embodiment of the present disclosure.



US 10,672,907 B2

3

FIG. 9B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 9A.

FIG. 9C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 9A.

FIG. 10A 15 a top-down view of the exemplary semicon-
ductor structure after formation of a contact level dielectric
layer and various contact via structures according to an
embodiment of the present disclosure.

FIG. 10B 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane B-B' in FIG. 10A.

FIG. 10C 1s a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' in FIG. 10A.

DETAILED DESCRIPTION

As stated above, the present disclosure relates to a semi-
conductor structure including a channel region of a field
cllect transistor having a controlled dopant profile and a
method for manufacturing the same. Aspects of the present
disclosure are now described 1n detaill with accompanying
figures. It 1s noted that like reference numerals refer to like
clements across different embodiments. The drawings are
not necessarily drawn to scale. As used herein, ordinals such
as “first” and “second” are employed merely to distinguish
similar elements, and different ordinals may be employed to
designate a same element 1n the specification and/or claims.

Referring to FIGS. 1A-1C, an exemplary semiconductor
structure according to an embodiment of the present disclo-
sure can be formed by providing a semiconductor substrate,
which can be a bulk semiconductor substrate or a semicon-
ductor-on-insulator (SOI) substrate. At least an upper por-
tion of the semiconductor substrate includes a semiconduc-
tor material, which can be selected from elemental
semiconductor materials (e.g., silicon, germanium, carbon,
or alloys thereot), III-V semiconductor materials, or 1I-VI
semiconductor materials. In one embodiment, the semicon-
ductor substrate can include a single crystalline semicon-
ductor material.

The upper portion of the semiconductor substrate can be
patterned, by a combination of lithographic methods and an
anisotropic etch, to form at least one semiconductor region,
1.€., a region including a semiconductor material. The at least
one semiconductor region can be at least one semiconductor
fin 30. In one embodiment, the at least one semiconductor
region can be at least one doped semiconductor region. In
one embodiment, the at least one semiconductor fin 30 can
be formed by patterning a top semiconductor layer of a
semiconductor-on-insulator (SOI) substrate including the
top semiconductor layer, a buried insulator layer, and a
handle substrate. A stack of the buried insulator layer and the
handle substrate collectively constitute a substrate on which
the at least one semiconductor fin 30 1s present. In another
embodiment, the at least one semiconductor fin 30 can be
formed by patterning an upper portion of a bulk semicon-
ductor substrate. The remaining unpatterned portion of the
bulk semiconductor substrate that underlies the at least one
semiconductor fin 1s a semiconductor material layer 10,
which constitutes a substrate mechanically supporting the at
least one semiconductor fin 30.

As used herein, a “semiconductor fin” refers to a semi-
conductor material portion having a pair of parallel vertical
sidewalls that are laterally spaced by a uniform dimension.
In one embodiment, each semiconductor fin can have a
rectangular horizontal cross-sectional area such that the
spacing between the pair of parallel vertical sidewalls 1s the
same as the length of shorter sides of the shape of the
rectangular horizontal cross-sectional area. As used herein,
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a “fin field eflect transistor™ refers to a field eflect transistor
in which at least a channel region 1s located within a
semiconductor fin.

For example, a photoresist layer (not shown) can be
applied over the top surface of the semiconductor substrate
and lithographically patterned to mask portions of the semi-
conductor substrate 1n which the at least one semiconductor
fin 30 1s subsequently formed. Optionally, a dielectric mate-
rial layer may be provided between the semiconductor
substrate and the photoresist layer. The pattern 1n the pho-
toresist layer can be transierred through the dielectric mate-
rial layer, i1f present, and into the upper portion of the
semiconductor substrate. The at least one remainming pat-
terned portion of the semiconductor substrate constitutes the
at least one semiconductor fin 30. If the dielectric material
layer 1s present between the semiconductor substrate and the
patterned photoresist layer, each remaining portion of the
dielectric material layer constitutes a dielectric fin cap 42,
which has the same horizontal cross-sectional shape as the
underlying semiconductor fin 30.

If the semiconductor substrate 1s a bulk substrate, the
remaining portion of the semiconductor substrate underlying
the at least one semiconductor fin 30 1s the semiconductor
material layer 10. In this case, the semiconductor material
layer 10 1s a substrate on which the at least one semicon-
ductor fin 30 1s formed. The semiconductor material layer 10
functions as a substrate mechanically supporting the at least
one semiconductor fin 30. The at least one semiconductor fin
30 and the semiconductor material layer 10 collectively
constitute a contiguous semiconductor material portion. In
one embodiment, the entirety of the contiguous semicon-
ductor material portion can be single crystalline. Alterna-
tively, 11 the semiconductor substrate 1s a semiconductor-
on-nsulator (SOI) substrate, a vertical stack of a buried
insulator layer and a handle substrate layer can be present
underneath the at least one semiconductor fin 30 1n lieu of
the semiconductor material layer 10. In this case, the vertical
stack of the buried insulator layer and the handle substrate
layer 1s a substrate on which the at least one semiconductor
fin 30 1s formed.

The height of each semiconductor fin 30 can be from 5 nm
to 1,000 nm, although lesser and greater heights can also be
employed. The at least one semiconductor fin 30 and the
semiconductor maternial layer 10 can be doped with electrical
dopants, 1.e., p-type dopants or n-type dopants. As used
herein, an electrical dopant refers to a dopant that introduces
an extra charge to the band structure of the semiconductor
material into which the electrical dopant 1s 1ntroduced. The
at least one semiconductor fin 30 and the semiconductor
material layer 10 can have a same type of doping, which 1s
herein referred to as a first conductivity type. In one embodi-
ment, the at least one semiconductor fin 30 can be formed by
patterning a semiconductor material layer mcluding atoms
of the electrical dopant of the first conductivity type at a
uniform concentration (which 1s herein referred to as a first
concentration) throughout the entirety thereof.

In one embodiment, the entirety of the at least one
semiconductor fin 30 and the semiconductor material layer
10 can have a uniform doping of the first conductivity type.
As used herein, a “uniform doping” refers to a doping
having a same dopant concentration throughout as measured
employing methods of dopant concentration measurement
as known 1n the art. It 1s understood that the measurement of
dopant concentration takes averages on atomic scale dopant
concentration variations that are statistically present 1n any
doped material. In one embodiment, the entirety of the
semiconductor material layer that 1s patterned into the at
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least one semiconductor fin 30, 1.e., the entirety of a top
semiconductor layer of an SOI substrate or an upper semi-
conductor portion of a bulk semiconductor substrate), can
have a doping of a first electrical dopant of the first con-
ductivity type at a first atomic concentration. In one embodi-
ment, at least an upper portion of a bulk substrate from
which the at least one semiconductor fin 30 1s patterned can
have a doping of a first electrical dopant of the first con-
ductivity type at a first atomic concentration. In one embodi-
ment, an entirety of a bulk substrate as provided can have a
doping of a first electrical dopant of the first conductivity
type at a first atomic concentration.

The first atomic concentration can be 1n a range from
1.0x10"/cm” to 1.0x10*/cm?. In another embodiment, the
first atomic concentration can be in a range from 1.0x10"°/
cm” to 1.0x10"/cm”. In yet another embodiment, the first
atomic concentration can be in a range from 1.0x10""/cm’
to 1.0x10'%/cm’. In still another embodiment, the first
atomic concentration can be in a range from 1.0x10"%*/cm”>
to 1.0x10""/cm”.

Each semiconductor fin 30 1s laterally bound by a pair of
lengthwise sidewalls and a pair of widthwise sidewalls. As
used herein, a “lengthwise direction” of an element refers to
a direction that 1s parallel to the axis which passes through
the center of mass of the element and about which the
moment of inertia of the element becomes a minimum. As
used herein, a “lengthwise sidewall” of an element refers to
a sidewall of an element that extends along the lengthwise
direction of the element. As used herein, a “widthwise
sidewall” of an element refers to a sidewall of the element
that extends along a horizontal direction that 1s perpendicu-
lar to the lengthwise direction of the element. In one
embodiment, each of the at least one semiconductor fin 30
can have a rectangular horizontal cross-sectional shape.

In one embodiment, lengthwise sidewalls of a semicon-
ductor fin 30 can be within a pair of vertical planes laterally
spaced from each other by the width of the semiconductor
fin 30. In one embodiment, the at least one semiconductor fin
30 can be within a plurality of semiconductor fins laterally
spaced from one another along the widthwise direction of
the semiconductor fins 30.

Referring to FIGS. 2A-2C, a shallow trench 1solation
layer 20 can be formed around bottom portions of the at least
one semiconductor fin 30. The shallow trench 1solation layer
20 includes a dielectric material such as silicon oxide. The
shallow trench 1solation layer 20 can be formed by depos-
iting a seli-planarizing dielectric material over the semicon-
ductor matenial layer 10 and around the bottom portion of
cach semiconductor fin 30. The deposition of the dielectric
material can be performed, for example, by chemical vapor
deposition or a seli-planarizing deposition process such as
spin coating. I the deposition process 1s not self-planarizing,
excess portions of the deposited dielectric material can be
removed from above the top surfaces of the at least one
semiconductor fin 30, for example, by planarization (such as
chemical mechanical planarization (CMP)). The shallow
trench 1solation layer 20 laterally surrounds the at least one
semiconductor fin 30. The top surface of the shallow trench
1solation layer 20 1s recessed with respect to the top surfaces
of the at least one semiconductor fin 30.

Doped wells (not shown) may be formed in an upper
portion of the semiconductor maternial layer 10 and under-
neath at least one semiconductor fin 30 as needed. Option-
ally, a punchthrough doping layer (not shown) having a
doping of the opposite conductivity type as the at least one
semiconductor fin 30 may be provided at portions of the
semiconductor material layer 10 that underlies the at least
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one semiconductor fin 30. In general, various portions of the
semiconductor material layer 10 can be doped to provide
suitable electrical 1solation among the at least one semicon-
ductor fin 30.

Referring to FIGS. 3A-3C, a disposable gate structure
(50, 52, 58) can be formed across the at least one semicon-
ductor fin 30. The disposable gate structure (50, 52, 58) can
be a disposable gate structure that includes at least one
disposable material, 1.e., at least one material that are
subsequently removed. For example, the disposable gate
structure (50, 32, 58) can include a lower disposable gate
material portion 50 including a first dielectric matenial, a
middle disposable gate material portion 52 including a
disposable semiconductor material, and an upper disposable
gate material portion 38 including a second disposable
dielectric material. In an 1illustrative example, the lower
disposable gate material portions 50 can include silicon
oxide, the middle disposable gate material portions 32 can
include germanium or a germanium-containing alloy that
can be removed selective to the semiconductor materials of
the at least one semiconductor fin 30, and the upper dispos-
able gate material portion 58 can include silicon nitride. The
disposable gate structure (50, 52, 58) can be formed by
deposition of disposable material layers, application and
lithographic patterming of a photoresist layer above the
disposable material layers, and transter of the pattern in the
patterned photoresist layer through the disposable material
layers by an anisotropic etch such as a reactive 1on etch. The
remaining portions of the disposable matenal layers consti-
tute the disposable gate structure (50, 52, 58). The patterned
photoresist layer can be removed, for example, by ashing.

A gate spacer 56 can be formed by depositing a gate
spacer layer and anisotropically etching the gate spacer
layer. The gate spacer layer can be formed on the top
surfaces and sidewalls of the gate structures (350, 52, 58) and
the at least one semiconductor fin 30 by a conformal
deposition of a dielectric matenial. The gate spacer layer can
be formed, for example, by low pressure chemical vapor
deposition (LPCVD), atomic layer deposition (ALD), or any
other conformal deposition method for depositing a dielec-
tric material as known 1n the art. In one embodiment, the
gate spacer layer can include silicon nitride. The dielectric
maternial of the gate spacer layer can be silicon oxide, silicon
nitride, silicon oxynitride, organosilicate glass, a dielectric
metal oxide, a dielectric metal nitride, or a combination
thereof. The thickness of the gate spacer layer can be 1n a
range from 3 nm to 60 nm, although lesser and greater
thicknesses can also be employed.

An amsotropic etch i1s performed to remove horizontal
portions of the gate spacer layer. The anisotropic etch can be
selective to the semiconductor material of the at least one
semiconductor fin 30. The anisotropic etch 1s extended
further after removal of horizontal portions of the gate
spacer layer so that all vertical portions of the gate spacer
layer are removed from the sidewalls of the at least one
semiconductor fin 30. Remaining vertical portions of the
gate spacer layer located on the gate structure (50, 52, 58)
constitute the gate spacer 56.

Referring to FIGS. 4A-4C, raised active regions (45, 4D)
are formed on physically exposed semiconductor surfaces of
the at least one semiconductor {in 30 by selective deposition
ol a semiconductor material. The raised active regions (45,
4D) can include at least one raised source region 4S and at
least one raised drain region 4D. In one embodiment, the
selective deposition of the semiconductor material can be
performed by a selective epitaxy process. During the selec-
tive epitaxy process, the deposited semiconductor material
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grows Irom physically exposed semiconductor surfaces, 1.e.,
the physically exposed portions of the lengthwise sidewalls
and top surfaces of the at least one semiconductor fin 30,
while the semiconductor material 1s not deposited on, and
thus, does not grow from, dielectric surfaces such as the 5
outer sidewalls of the gate spacer 56, the topmost surface of
the gate stack (50, 52, 58), and the top surface of the shallow
trench 1solation layer 20.

As used herein, a “raised active region” refers to an active
region (1.€., a source region or a drain region) that 1s located 10
on, and outside, a semiconductor fin or a preexisting semi-
conductor material portion. In one embodiment, each por-
tion of the raised active regions (4S, 4D) can be epitaxially
aligned to an underlying semiconductor fin 30. The raised
active regions (4S, 4D) can include the same semiconductor 15
material as, or a semiconductor material diflerent from, the
semiconductor material of the at least one semiconductor fin
30.

The growth of the raised active regions (4S5, 4D) can
proceed with, or without, crystallographically faceted sur- 20
faces depending on the deposited semiconductor material
and the deposition conditions. In one embodiment, the
various semiconductor material portions of the raised active
regions (4S5, 4D) can be formed with crystallographic facets.
The crystallographic facets of the raised active regions (4S, 25
4D) can be at a non-zero, non-orthogonal, angle with respect
to adjoining surfaces of the raised active regions (4S, 4D).

In one embodiment, the at least one semiconductor fin 30
can include a plurality of semiconductor fins and the selec-
tive epitaxy process can proceed until multiple raised active 30
regions (4S, 4D) from neighboring semiconductor fins 30
merge. Within each merged raised active region (4S5 or 4D),
grain boundaries can be formed at the interface at which
neighboring single crystalline semiconductor material por-
tions contact each other. The selective epitaxy process can 35
be terminated when the sizes of the raised active regions (455,
4D) reach a predetermined target, for example, by control-
ling the deposition conditions and the deposition time.

The raised active regions (4S, 4D) are doped with atoms
of electrical dopants of a second conductivity type that 1s the 40
opposite of the first conductivity type. The second conduc-
tivity type 1s the opposite of the first conductivity type. For
example, 1f the first conductivity type 1s p-type, the second
conductivity type 1s n-type, and vice versa. The doping of
the raised active regions (4S5, 4D) can be performed during, 45
or after, formation of the raised active regions (4S5, 4D).
Atoms of the electrical dopant having the second conduc-
tivity type are introduced into the raised source region 4S
and the raised drain region 4D at a greater concentration than
the first concentration, 1.e., the atomic concentration of the 50
clectrical dopants of the first conductivity type within the at
least one semiconductor fin 30 as provided prior to forma-
tion of the raised source and drain regions (4S5, 4D).

In one embodiment, the raised active regions (4S5, 4D) can
be formed with in-situ doping of atoms of electrical dopants 55
of the second conductivity type during the selective epitaxy
process. Thus, each portion of the raised active regions (45,
4D) can be formed as doped semiconductor material por-
tions. Alternatively, the raised active regions (45, 4D) can be
formed by ex-situ doping. In this case, the raised active 60
regions (4S, 4D) can be formed as intrinsic semiconductor
material portions and electrical dopants can be subsequently
introduced 1nto the raised active regions (4S5, 4D) to convert
the raised active regions (4S5, 4D) mto doped semiconductor
material portions. 65

If 1n-situ doping 1s employed, an anneal process can be
performed to outdiffuse the electrical dopants from the
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raised active regions (4S5, 4D) into underlying portions of the
at least one semiconductor fin 30 to form fin active regions
(3S, 3D). In thus case, the diffused atoms of the electrical
dopant of the second conductivity type are present in each
fin active region (3S, 3D) at a greater concentration than the
first concentration, which is the concentration, prior to the
anneal process, of the atoms of the electrical dopant of the
first conductivity type 1n the semiconductor fin 30. In one
embodiment, the atoms of the electrical dopants of the first
conductivity type can be present at the same concentration,
1.¢., the first concentration, throughout the entirety of each
semiconductor fin 30 prior to the anneal process and
throughout the entirety of each semiconductor fin (3S, 3D,
3B) after the anneal process.

It 1s understood that the anneal process can be performed
at a subsequent processing step instead of performing the
anneal process immediately after formation of the raised
active regions (4S5, 4D). In this case, the anneal process can
be performed at any point 1n time prior to removal of the
disposable gate structure (50, 52, 58), or during evaporation
of electrical dopants from physically exposed portions of the
at least one semiconductor fin 30 after removal of the
disposable gate structure (50, 52, 58), or after formation of
a replacement gate structure. Such variations are expressly
contemplated herein.

I ex-situ doping 1s employed, 1on implantation of atoms
of electrical dopants of the second conductivity type can
provide electrical doping to portions of the at least one
semiconductor fin 30 that do not underlie the gate structures
(50, 52, 58). The implanted portions of the at least one
semiconductor fin 30 are converted into {in active regions
(3S, 3D). The fin active regions (35S, 3D) can include at least
one fin source region 3S and at least one {in drain region 3D.
As used herein, an “active region” can be a source region or
a drain region of a field efect transistor. As used herein, a
“fin active region” refers to an active region located within
a semiconductor fin. As used herein, a “fin source region”
refers to a source region located within a semiconductor fin.
As used herein, a “fin drain region” refers to a drain region
located within a semiconductor fin. The at least one semi-
conductor fin 30 as provided includes electrical dopants of
the first conductivity type, and 1ons of the second conduc-
tivity type can be implanted to form the fin active regions
(3S, 3D).

The fin active regions (3S, 3D) can be formed by ion
implantation concurrently with the ex-situ doping of the
raised active regions (4S5, 4D), by in-situ doping of raised
active regions (4S5, 4D) during the selective epitaxy process
and outditlusion of dopants from the raised active regions
(4S, 4D) by an anneal, or a combination of ex-situ doping of
the raised active regions (4S, 4D), in-situ doping of the
raised active regions (4S, 4D) during the selective epitaxy
process, and outdiffusion of dopants from the raised active
regions (4S, 4D) by an anneal.

After formation of the fin active regions (35S, 3D), each
portion of the at least one semiconductor fin 30 having a
doping of the first conductivity type constitutes a body
region 3B. A p-n junction can be formed at the interfaces
between each adjoining pair of a body region 3B and a fin
active region (3S or 3D).

Atoms of the electrical dopants of the second conductivity
type are present within each fin source region 3S and each
{in drain region 3D at an atomic concentration that 1s greater
than the first concentration, which i1s the atomic concentra-
tion of the atoms of electrical dopants of the first conduc-
tivity type 1n the at least one semiconductor fin (3S, 3D, 3B).
Thus, the overall doping of the fin active regions (35S, 3D) 1s
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the second conductivity type. In one embodiment, each fin
active region (3S, 3D) can include a portion having a
uniform concentration of the atoms of electrical dopants of
the second conductivity type, which 1s herein referred to as
a second concentration.

The second concentration can be 1n a range from 3.0x
10"%/cm” to 3.0x10°'/cm?, although lesser and greater con-
centrations can also be employed. In one embodiment, the
second concentration can be in a range from 3.0x10°°/cm’
to 1.0x10°"/cm”. A pair of p-n junctions is formed in each
semiconductor {in (3S, 3D, 3B) due to formation of the fin
active regions (35S, 3D), which are formed by doping end
portions of the semiconductor fin (3S, 3D, 3B) with atoms
of the electrical dopant of the second conductivity type.

Referring to FIGS. 5A-5C, a planarnization dielectric layer
60 can be formed over the at least one semiconductor fin (3S,
3D, 3B), the raised active regions (4S5, 4D), the disposable
gate structure (50, 52, 58), and the shallow trench 1solation
layer 20. The planarization dielectric layer 60 includes a
dielectric material that i1s self-planarnizing or can be pla-
narized, for example, by chemical mechanical planarization.
The planarization dielectric layer 60 can include a dielectric
material such as silicon oxide, silicon nitride, silicon oxyni-
tride, or a combination thereof. In one embodiment, the
planarization dielectric layer 60 can be deposited by chemi-
cal vapor deposition. The top surface of the contact level
dielectric layer 80 can be planar, and can be located at, or
above, the horizontal plane including the topmost surface of
the disposable gate structure (50, 52, 58). In one embodi-
ment, a topmost portion of the disposable gate structure (50,
52, 58) can be eroded during chemical mechanical planariza-
tion, and the topmost surface of the remaining portion of the
upper disposable gate material portion 58 can be coplanar
with the top surface of the planarization dielectric layer 60.
The planarization dielectric layer 60 can be 1s 1n physical
contact with the top surfaces and sidewalls of the raised
active regions (4S, 4D) and the top surface of the shallow
trench 1solation layer 20.

Referring to FIGS. 6 A-6C, the disposable gate structure
(50, 52, 58) can be removed to form a gate cavity 51.
Specifically, the disposable gate structure (50, 52, 58) can be
removed selective to the dielectric matenials of the pla-
narization dielectric layer 60 and the gate spacer 56 and the
semiconductor material of the at least one semiconductor fin
(3S, 3D, 3B) to form the gate cavity 51 by employing a
combination of etch processes. The etch process can include
at least one wet etch process and/or at least one dry etch
process that are selected to etch each component of the
disposable gate structure. Chemistries known 1n the art can
be employed to remove the disposable gate structure (50, 52,
58). The gate cavity 51 i1s formed 1n a volume from which
the disposable gate structure (50, 52, 38) 1s removed. The
gate cavity 51 straddles the at least one semiconductor fin
(3S, 3D, 3B), and 1s embedded 1n the planarization dielectric
layer 60.

Referring to FIGS. 7TA-7C, the exemplary semiconductor
structure can be annealed i1n a non-oxidizing ambient to
evaporate atoms of electrical dopants of the first conductiv-
ity type from the physically exposed surfaces of the at least
one semiconductor fin (35, 3D, 3B). In one embodiment, all
physically exposed surfaces of the at least one semiconduc-
tor fin (35, 3D, 3B) can be surfaces of the at least one body
region 3B of the at least one semiconductor fin (3S, 3D, 3B).
In one embodiment, the non-oxidizing ambient can be a
reducing environment. In one embodiment, the non-oxidiz-
ing ambient can include hydrogen gas and optionally at least
one inert gas such as mitrogen, helium, argon, and/or neon.
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In one embodiment, the non-oxidizing ambient can include
hydrogen gas and nitrogen gas.

The anneal process 1s performed at a temperature at which
the electrical dopants of the first conductivity type in the at
least one body region 3B can be outgassed, 1.e., evaporated
in a gas form. In one embodiment, the electrical dopants of
the first conductivity type 1n the at least one body region 3B
can be outgassed as a hydride gas such as BH;, PH,, AsH,,
or SbH,. In one embodiment, the anneal process 1s per-
formed 1n at a temperature greater than 700 degrees Celsius.
In one embodiment, the anneal process can be performed 1n
a temperature range from 700 degrees Celsius to 1,200
degrees Celsius. A subset of the atoms of the electrical
dopant of the first conductivity type 1s evaporated from the
portion of each semiconductor fin (3S, 3D, 3B) that under-
lies the gate cavity 51 and physically exposed to the ambient
during the anneal process.

The distribution of the electrical dopants before and after
the anneal process along the lengthwise direction at hori-
zontal plane D-D' in FIG. 7C 1s schematically illustrated 1n
FIG. 8. The horizontal axis labeled “d” represent the hori-
zontal distance within the horizontal plane D-D' in FIG. 7C
from an end wall of a semiconductor fin (3S, 3D, 3B). The
vertical axis labeled “Log p” represents the logarithm of
atomic concentration of electrical dopants of each conduc-
tivity type.

Belore the anneal process, the concentration of atoms of
the electrical dopant of the first conductivity type is the same
throughout the entirety of each semiconductor fin (3S, 3D,
3B), and 1s at the first concentration. The concentration of
atoms of the electrical dopant of the first conductivity type
betfore the anneal process 1s shown by a dashed line labeled
“first type electrical dopant before anneal.” Before the
anneal process, the concentration of atoms of the electrical
dopant of the second conductivity type 1s constant 1n end
portions of the fin active regions (35, 3D) at a second
concentration that 1s greater than the first concentration. The
concentration of atoms of the electrical dopant of the second
conductivity type decreases exponentially at a periphery of
the portions containing the electrical dopants of the second
conductivity type. The concentration of atoms of the elec-
trical dopant of the second conductivity type decreases to a
level less than the first level within the body region 3B due
to the exponential decay. The p-n junctions formed at
distances marked “pn_1" represent the boundary between
the body region 3B and the fin active regions (3S, 3D). The
first lateral distance between the p-n junctions prior to the
anneal process 1s marked as “D_pn_1.”

After the anneal process, the concentration of atoms of the
clectrical dopant of the first conductivity type is lesser 1n the
portion of each semiconductor fin (3S, 3D, 3B) underlying
the gate cavity 51 (1.e., the body region 3B) than in portions
of the semiconductor fin (35S, 3D, 3B) that do not underlie
the gate cavity 51 (i.e., the source region 3S and the drain
region 3D). The decrease in the concentration of atoms of
the electrical dopant of the first conductivity type in the body
region 3B of the semiconductor fin (3S, 3D, 3B) 1s due to the
evaporation of the dopants of the first conductivity type
during the anneal process. The concentration of atoms of the
clectrical dopant of the first conductivity type after the
anneal process 1s shown by a solid line labeled “first type
clectrical dopant after anneal.” The body region 3B can
include a portion in which the concentration of atoms of
clectrical dopants of the first conductivity type 1s uniform at
a third concentration, which 1s less than the first concentra-
tion. The third concentration can be 1n a range from 0.0001%
to 90% of the first concentration. In one embodiment, the
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third concentration can be less than 50% of the first con-
centration. In another embodiment, the third concentration
can be less than 10% of the first concentration. In yet another
embodiment, the third concentration can be less than 1% of
the first concentration. The fin active regions (3S, 3D)
include portions containing electrical dopants of the first
conductivity type at the first concentration.

It 1s noted that the concentration of atoms of the electrical
dopant of the first conductivity type after the anneal process
1s the same as the concentration of atoms of the electrical
dopant of the first conductivity type belfore the anneal
process 1n portions of the fin source region 3S and the fin
drain region 3D at which the concentration of atoms of the
clectrical dopant of the first conductivity type does not
change. After the anneal process, the concentration of atoms
ol the electrical dopant of the second conductivity type can
be constant 1n end portions of the fin active regions (35S, 3D)
at the second concentration.

Because the anneal induces reduction of the concentration
of the electrical dopants of the first conductivity type in the
body region 3B, the p-n junctions shift to new positions
marked “pn_2.” The lateral distance between the p-n junc-
tions decreases due to the loss of the electrical dopants of the
first conductivity type in the body region 3B, and as a resullt,
the size of the body region (defined as the region bounded
by the p-n junctions) decreases. The second lateral distance
between the p-n junctions after to the anneal process 1s
marked as “D_pn_2.” The second lateral distance D_pn_2 1s
less than the first lateral distance D_pn_1.

The evaporation of the electrical dopants of the first
conductivity type by outgassing during the anneal has the
ellect of decreasing the doping of the body region 3B, and
consequently, the threshold voltage of the field eflect tran-
sistor shifts due to the anneal process.

Optionally, carbon atoms can be implanted into the body
region 3B of each semiconductor fin (35S, 3D, 3B) by 1on
implantation or plasma doping. The carbon atoms are
implanted only into the portion of each semiconductor fin
(3S, 3D, 3B) underlying the gate cavity 31 while the gate
cavity 51 1s present. The implantation of the carbon atoms
has the eflect of deactivating the electrical dopants 1n the
body region 3B. Because the electrical dopants of the first
conductivity type that are present in the body region 3B of
cach semiconductor fin (3S, 3D, 3B) are deactivated by the
implanted carbon atoms, and the net eflect of implantation
of the carbon atoms 1s reduction of active electrical dopants
in the body region 3B, and consequent shiit in the threshold
voltage of the field eflect transistor.

The concentration profile of the implanted carbon atoms
has a plateau 1n the portion of the semiconductor fin (35S, 3D,
3B) that coincides with the physical width of the gate cavity
51. The physical width of the gate cavity 31 1s heremn
referred to as a physical gate length Lg p. The uniformly
doped portion of the body region 3B can include carbon
atoms at a uniform concentration. The concentration of the
implanted carbon atoms at the plateau, 1.e., the uniformly
doped portion, can be in a range from 1.0x10"%/cm’ to
1.0x10""/cm”, although lesser and greater carbon concen-
trations can also be employed. The concentration of the
implanted carbon decays exponentially 1n regions that do not
directly underlie the gate cavity 51.

The anneal process and the carbon implantation process
can be performed 1n series, or only one of the anneal process
and the carbon implantation process may be performed.

Referring to FIGS. 9A-9C, a replacement gate structure
(70, 72) can be formed within the gate cavity 51. For
example, a gate dielectric 70 and a gate electrode 72 can be
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formed within the gate cavity 51 by deposition of a dielectric
material and at least one conductive material, and removal
of excess portions of the dielectric material and the at least
one conductive material from above the top surface of the
planarization dielectric layer 60. The gate dielectric 70 can
include a high dielectric constant (high-k) dielectric material
known 1n the art. The gate electrode 72 can include a doped
semiconductor material and/or a metallic material. The top
surfaces of the gate structure (70, 72) can be coplanar with
the top surface of the planarization dielectric layer 60.

The exemplary semiconductor structure includes at least
a semiconductor fin (35, 3D, 3B) located on a substrate 10
and 1ncluding a source region (such as a fin source region
35), a drain region (such as a fin drain region 3D), and a
body region 3B. Each of the source region and the drain
region includes a uniformly doped portion including atoms
of a first electrical dopant of a first conductivity type at a first
concentration and a second electrical dopant of a second
conductivity type at a second concentration that 1s greater
than the first concentration. The second conductivity type 1s
the opposite of the first conductivity type. The body region
3B includes another uniformly doped portion containing
atoms of the first electrical dopant at a third concentration
that 1s less than the first concentration. The exemplary
semiconductor structure further includes a gate stack (70,
72) including a gate dielectric 70 and a gate electrode 72 and
straddling the body region 3B.

In one embodiment, the uniformly doped portion in the
body region 3B can be essentially free of atoms of the
second electrical dopant. As used herein, a region 1s “essen-
tially free of atoms of” an atomic element 1f the atomic
clement 1s not present 1n the region or 1s present 1n a region
at a trace level, e.g., less than 10 part per billion.

In one embodiment, the exemplary semiconductor struc-
ture can further include a raised source region 4S and a
raised drain region 4D, each of which includes a semicon-
ductor material epitaxially aligned to the source region and
the drain region, respectively, and including atoms of the
second electrical dopant at a concentration that 1s not less
than the second concentration.

In one embodiment, the lateral distance between a first p-n
junction between the body region 3B and the source region
and a second p-n junction between the body region 3B and
the drain region can be less than a width of the interface
between the gate dielectric 70 and the semiconductor fin (35S,
3D, 3B).

In one embodiment, the gate dieclectric 70 can be a
U-shaped gate dielectric including a horizontal portion in
contact with a top surface of the body region 3B, vertical
portions 1n contact with sidewalls of the body region 3B, and
additional vertical portions that extend upward from the
horizontal portion of the U-shaped gate dielectric.

Referring to FIGS. 10A-10C, a contact level dielectric
layer 80 1s deposited over the top surface of the gate
structure (70, 72) and the planarization dielectric layer 60.
The contact level dielectric layer 80 includes a dielectric
maternal that 1s deposited by chemical vapor deposition or
spin coating. The contact level dielectric layer 80 can
include a dielectric material such as silicon oxide, silicon
nitride, silicon oxynitride, porous or non-porous organosili-
cate glass (OSG), or a combination thereof. In one embodi-
ment, the top surface of the contact level dielectric layer 80
can be horizontal, and the thickness of the contact level
dielectric layer 80 can be uniform throughout the entirety
thereol. The thickness of the contact level dielectric layer 80
can be 1n a range from 50 nm to 500 nm, although lesser and
greater thicknesses can also be employed.
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Various contact via structures (82, 84) can be formed
through the contact level dielectric layer 80 and optionally
through the planarization dielectric layer 60. The various
contact via structures can include active region contact via
structures 82 that are electrically shorted to the at least one 5
fin source region 3S or to the at least one fin drain region 3D,
and a gate contact via structure 84 that 1s electrically shorted
to the gate electrode 72.

The various dopant profiles of the present disclosure can
be employed to reduce active electrical dopants in the body 10
region of a field eflect transistor, and to control the threshold
voltage of the field eflect transistor.

While the disclosure has been described in terms of
specific embodiments, 1t 1s evident 1n view of the foregoing
description that numerous alternatives, modifications and 15
variations will be apparent to those skilled 1n the art. Each
of the embodiments described herein can be implemented
individually or in combination with any other embodiment
unless expressly stated otherwise or clearly incompatible.
Accordingly, the disclosure 1s intended to encompass all 20
such alternatives, modifications and variations which fall
within the scope and spirit of the disclosure and the follow-
ing claims.

What 1s claimed 1s:

1. A semiconductor structure comprising: 25

a semiconductor fin located on a substrate and including

a source region, a drain region, and a body region, each

ol said source region and said drain region comprising

a uniformly doped portion of the semiconductor fin,
wherein an entirety of each of the source region and 30
drain region comprises atoms of a first electrical dopant

of a first conductivity type at a first concentration and
atoms ol a second electrical dopant of a second con-
ductivity type at a second concentration that 1s greater
than said first concentration, said second conductivity 35
type being the opposite of said first conductivity type,
and said body region including another uniformly
doped portion of the semiconductor fin containing
atoms of said first electrical dopant at a third concen-
tration that 1s less than said first concentration, and 40
wherein the source region directly contacts one side of
the body region, and drain region directly contacts
another side of the body region; and

a gate stack including a gate dielectric and a gate electrode

and straddling said body region, wherein each of said 45
source region and said drain region has a topmost
surface, a bottommost surface, a first vertical sidewall
defined by an end sidewall of said semiconductor fin
and extending from said topmost surface to said bot-
tommost surface, and a second vertical sidewall that 50
directly contacts an entirety of a vertical sidewall of
said body region and extending from said topmost
surface to said bottommost surface, wherein said sec-
ond vertical sidewall 1s vertically aligned to an outer-
most sidewall of the gate stack. 55

2. The semiconductor structure of claim 1, wherein said
body region 1s essentially free of atoms of said second
clectrical dopant.

3. The semiconductor structure of claim 1, further com-
prising a raised source region and a raised drain region that 60
include a semiconductor material epitaxially aligned to said
source region and said drain region, respectively, and includ-
ing atoms of said second electrical dopant at a concentration
that 1s not less than said second concentration.
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4. The semiconductor structure of claim 1, wherein a
lateral distance between a first p-n junction between said
body region and said source region and a second p-n
junction between said body region and said drain region 1s
less than a width of an interface between said gate dielectric
and said semiconductor fin.

5. The semiconductor structure of claim 1, wherein said
another uniformly doped portion of the semiconductor fin
that constitutes said body region includes carbon atoms at a
uniform concentration.

6. The semiconductor structure of claim 1, wherein said
gate dielectric 1s a U-shaped gate dielectric including a
horizontal portion 1n contact with a top surface of said body
region, vertical portions in contact with sidewalls of said
body region, and additional vertical portions that extend
upward from said horizontal portion of said U-shaped gate
dielectric.

7. The semiconductor structure of claim 1, further com-
prising a gate spacer located on vertical sidewalls of said
gate stack.

8. The semiconductor structure of claim 1, further com-
prising a planarization dielectric layer surrounding said gate
stack, said planarization dielectric layer having a topmost
surface that 1s coplanar with a topmost surface of said gate
stack.

9. The semiconductor structure of claim 1, wherein said
first conductivity type 1s n-type and said second conductivity
type 1s p-type.

10. The semiconductor structure of claim 1, wherein said
first conductivity type 1s p-type and said second conductivity
type 1s n-type.

11. The semiconductor structure of claim 1, wherein said
substrate 1s an 1nsulator layer.

12. The semiconductor structure of claim 1, further com-
prising a shallow trench isolation layer formed around a
bottom portion of the semiconductor fin.

13. The semiconductor structure of claim 12, wherein said
shallow trench isolation layer has a bottommost surface
directly contacting a topmost surface of said substrate and a
topmost surface that 1s located beneath a topmost surface of
said semiconductor {in.

14. The semiconductor structure of claim 1, wherein said
body region includes C.

15. The semiconductor structure of claim 14, wherein said
C 1s present 1n said body region 1n a concentration from
1.0x10"*/cm” to 1.0x10""/cm”.

16. The semiconductor structure of claim 1, wherein said
substrate 1s a semiconductor material.

17. The semiconductor structure of claim 16, wherein said
substrate and said semiconductor {in constitute a contiguous
semiconductor material portion.

18. The semiconductor structure of claim 1, wherein said
first concentration is from 1.0x10°/cm’ to 1.0x10*"/cm”.
said second concentration is from 3.0x10'”/cm? to 3.0x10%'/
cm®, and said third concentration is a range from 0.0001%
to 90% of said first concentration.

19. The semiconductor structure of claim 18, wherein said
third concentration 1s less than 50% of said first concentra-
tion.

20. The semiconductor structure of claim 18, wherein said
third concentration 1s less than 1% of said first concentra-
tion.
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